The present work is devoted development of model of agglomerating process for propellants based on ammonium perchlorate (AP), ammonium dinitramide (ADN), HMX, inactive binder, and nanoaluminum. Generalization of experimental data, development of physical picture of agglomeration for listed propellants, development and analysis of mathematical models are carried out. Synthesis of models of various phenomena taking place at agglomeration implementation allows predicting of size and quantity, chemical composition, structure of forming agglomerates and its fraction in set of condensed combustion products. It became possible in many respects due to development of new model of agglomerating particle evolution on the surface of burning propellant. Obtained results correspond to available experimental data. It is supposed that analogical method based on analysis of mathematical models of particular phenomena and their synthesis will allow implementing of the agglomerating process modeling for other types of metalized solid propellants.
INTRODUCTION
Usage of metal fuel (aluminum) in propellant composition has a consequence formation of condensed combustion products. As a rule, the set of condensed products includes two fractions. The ¦rst one consist of smoke oxide particles (SOP) having size typically not more than 1 µm. The second one includes set of agglomerates formed due to condensed products enlargement processes in surface layer of burning propellant. Agglomerates could exceed initial metal particles sizes in 101000 times (agglomerates more than 1 mm in diameter are experimentally obtained [1] ).
The presence of agglomerates in set of combustion products results in appearance of problems associated with e©ciency of rocket motor working. These include slag accumulation, two-phase and chemical losses of speci¦c impulse, erosion of thermal protection, and increased heat stress on the elements of rocket motor. In should be noted that there are experimental data of positive e¨ect of agglomerating process on the propellant burning law [2] . This e¨ect consists in reduction of dependence of burning rate from pressure.
Commonly, the data of size of condensed particles are used only at calculations of two-phase §ows and this in §uence on work of rocket motor. However, in several papers (see, for example, [3] ), it is concluded that information about the chemical composition and structure of condensed particles is necessary. The value of unoxidized aluminum in the composition of depositing agglomerates is important information for description of interaction between two-phase §ows and ablative materials [4] . Structure of agglomerates and especially presence of gaseous cavities has signi¦cant in §uence on particles behavior in the gaseous §ows [5] . Thus, knowledge of amount of agglomerates in the set of combustion products, chemical composition, and structure of agglomerates is necessary besides of sizes of agglomerates for the description of agglomeration process and its in §uence on quality of the system ¤propellant rocket motor.¥ Let consider decisions that have been used for modeling of agglomeration process in earlier published papers. The extensive review of these works has been carried out by Beackstead [6] . Apparently, only the information on the works carried out last years in SPLab Politecnico di Milano [7, 8] is absent in this paper.
Used decisions provide the account of in §uence on agglomeration of propellant structure and pressure in the chamber (burning rate of propellant).
These decisions can be divided conditionally into three groups:
(1) decisions that are based on application of ¤pocket¥ model [9] . They are used in [1012] . Gallier named ¤pocket¥ a congestion of initial particles of metal in propellant [13] . The similar approach is also applied in a number of other papers [8, 14 * ] . At use of ¤pocket¥ model, the size of agglomerates is de¦ned only by propellant structure; (2) decisions that are based on consideration of conditions of a separation of agglomerating particles from a burning surface, which are connected with the burning process [1520]; and (3) decisions that are a combination of decisions of the ¦rst and second groups, i. e., in §uence on agglomeration process as propellant structure, and burning process are considered [14 † , 2128] .
SOLID AND HYBRYD PROPULSION
The developed models provide determination of the characteristic sizes of the agglomerates. Some models allow to determine additionally the function of size of agglomerates distribution. Besides, some models give the chance to ¦nd such important characteristic of process of agglomeration as a fraction of agglomerating metal [6, 13, 14] . It is necessary to mention the increased attention during last years to numerical modeling of distribution of a disperse phase in propellants [7, 2931] . Thus, as a rule, jammed packs are considered. The results of such modeling are used by working out of some agglomeration models.
Generally, the question on adequacy of modeling remains open. Comparison of calculated and experimental data either was not carried out, or carried out for speci¦c propellants in some conditions using the coe©cients matching. Besides, a number of positions of models contradict experimental data. In particular, ¤pocket¥ mechanism of agglomeration is realized only in come conditions, ignition of agglomerating particles does not always de¦ne conditions of a breaking away of particles from a surface of burning propellant. As a whole, it is possible to say that available models describe the general tendencies of in §uence of various factors for the size of agglomerates for speci¦c propellants.
The authors of the present paper at the agglomeration description use the concept of a skeleton layer (SL). The SL is a gas-permeable three-dimensional structure consisting mainly of the metal and its oxide, as well as thermostable carbonic elements, and comprising the top portion of surface layer. The results of numerous experimental researches [1, 2, 3237] give the grounds to assert that properties of this layer de¦ne all characteristics of agglomerates (fraction in combustion products, size, chemical composition, and structure). Presence of the SL ensures long-time residence, movement, merging, and enlargement of hightemperature agglomerating particle in the surface layer of burning propellant.
Change of parameters of propellant composition (a kind, content and size of components) has as a consequence change of properties of SL, and, respectively, of agglomerates. These changes can have rather signi¦cant (dramatical) character. The size of agglomerates can change from 10 to 1000 µm, a mass fraction in condensed combustion products ¡ from several percent to 80%95%, content of oxide in agglomerates ¡ from several to 85%, the structure of agglomerates can be various: a metal particle with ¤cap¥ oxide, ¤matrix¥ agglomerates, ¤hollow¥ agglomerates, a particle of metal with an oxide layer [1, 2, 3237 ]. Thus, it is possible to speak about variety of displays of agglomeration process. This circumstance gives illusory possibility of working out of the universal description considering all features of agglomeration process at burning of those or other types of propellants in various conditions. As considered above, there exists rather expedient separation of classes and types of propellants, at which burning close laws are realized.
Depending on the SL properties, the propellants were divided into two classes ¡ A and B [34] . For burning propellants of class A, the metal ignition temperature is less than the decomposition temperature of carbonaceous elements. The SL of these propellants consists of a carbon skeleton with pores ¦lled by liquid metal and oxide. On the contrary, for burning propellants of class B, the metal ignition temperature is higher than the decomposition temperature of carbonaceous elements. The SL of these propellants consists of the initial metal particles fastened among themselves. The results of paper [38] allow to de¦ne how various decisions on propellant composition (activeinactive binder, aluminumnanoaluminum, oxidizers: AP, ADN, ammonium nitrate (AN), HMX) in §uence on the accessory of propellants to one or another class and the law of their burning.
The purpose of the present paper was working out of the mathematical model providing de¦nition of a complex of characteristics of agglomerates: function of size agglomerates distribution; fraction of agglomerates in combustion products; and parameters of a chemical composition and structure of agglomerates.
As to the present authors£ knowledge, the similar problem was not solved earlier.
So, one of types of propellants for the decision of a problem of modeling has been chosen. This type includes propellants on the base of AP, ADN, HMX, inactive binder, and nanoaluminum. It is supposed that metal particles in fuel keep the individuality. These propellants belong to the propellants of class A and have similar regularities of agglomeration process [34] . It is necessary to note that these propellants can have rather important positive property ¡ weak dependence of burning rate on pressure [2] .
PHYSICAL PICTURE OF THE AGGLOMERATION PROCESS
Physical picture of the agglomeration process at burning of considered propellants is formulated on the basis of available by this time experimental data analysis. The experiments were performed with use of the following techniques [34, 37] :
quench-collection of condensed combustion products at combustion of propellant samples and subsequent chemical and structural analysis at a variation of parameters of propellant composition, pressure, value, and direction of accelerative forces; investigations of combustion residues or quenching products; and visualization of the surface of burning propellant. Both other methods provide obtaining qualitative information describing agglomerating particles behavior on the surface of burning propellant and in the near-surface zone of gas phase.
Analysis of experimental data allowed to indicate following stages of agglomeration process.
Formation of the Skeleton Layer
As it was speci¦ed earlier, forming of Figure 1 The local area of propellant containing a ¤pocket¥ the SL is the necessary condition for the agglomeration process realization. First of all, SL provides coherence of initial particles of metal and products of their transformation that is an important condition of agglomeration.
Occurrence SL at propellant burning is possible only at formation of a carbon skeleton [36, 38] . Consequently, the possibility of the carbon skeleton formation and SL is connected with conditions of the binder decomposition ¡ ¦rst of all, with oxidizing components concentration. Formation of the SL for considered propellants occurs only within the ¤pockets¥ (Fig. 1) . Within other structural formations ¡ ¤interpocket bridges¥ which are characterized by increased oxidizing components concentration ¡ formation of the SL does not occur. It should be noted that the usage of active binders leads to increase of oxidizing components as well as within the ¤pockets¥ which, in turn, leads to suppression of the agglomeration process [36] .
PROGRESS IN PROPULSION PHYSICS
Thus, formation of the SL for the considered propellants is connected with presence of the ¤pockets.¥ Therefore, for such propellants, there is the dependence between fraction of initial metal in propellant used to form agglomerates (parameter Z a m ) and propellant structure.
Ignition and Burning of Metal
The combustion of considered propellants corresponds to regularities of the class A propellants burning [34] , thus the temperature of metal ignition does not exceed the decomposition temperature of thermostable carbonic elements of the SL. Gas permeability of the SL structure ensures the access for oxidizing components inside the SL. The presence of solid oxide ¦lm does not preclude ignition, since oxidizing gases are able to penetrate through the oxide ¦lm cracks. Rather low value of ignition temperature is de¦ned by use of nanoaluminum.
After ignition of metal, oxide is melting relatively quickly. This event ensures the possibility of spreading of liquid metal and oxide inside the SL. It is considered that existence of chemical interaction between these substances and carbon ensures the liquid metal and oxide wetting of carbonic elements. Therefore, these liquid substances ¦ll the SL pores.
After ignition, the metal is burning in the heterogeneous mode, and it is accompanied by accumulation of liquid oxide. Such burning mode continues until the temperature of the metal particles reaches the value required for the heterogeneous mode to transfer to the gas-phase mode. At the same time, accumulation of liquid oxide is terminated, and product of combustion of metal in this mode is the SOP carried away by the gas §ow [39] .
Formation of Individual Agglomerating Particles
During combustion of the ¤pocket,¥ liquid metal and oxide are moving up to the surface of SL and forming the particle staying at the I equilibrium state (Fig. 2) . At this state, breaking away of the particle is not possible due to high level of adhesion between particles substance and elements of the SL [24] . As the ¤pocket¥ burns out, the volume of the drop on the SL surface increases.
The picture changes in the case of macroinhomogeneity appearing, which is the oxidizer particle. In that case, the nonequilibrium state appears, and the particle is transferring to the new equilibrium state ¡ the II equilibrium state [24] . At this state, breaking away of the particle becomes possible. Transferring of the particles state is accompanied with the change of metal burning mode ¡ from the heterogeneous to the gas phase. Connection of the agglomerating particle with the SL elements due to capillary forces ensures residence of the particle in this state for some time. The value of this time is signi¦cantly less than the time Figure 2 Scheme of the ¤pocket¥ agglomeration mechanism Figure 3 Scheme of the ¤interpocket¥ agglomeration mechanism needed for burn out of the ¤pocket.¥ If the degree of nonequilibrium state of the particle is more high that separation forces are capable of performing a work on its separating from SL elements, breaking away of the particle is implemented. This corresponds to the ¤pocket¥ mechanism of agglomeration.
If at burning out of ¤pocket¥ the breaking away of the particle does not occur, the particle is moving along the ¤interpocket bridge¥ into the following ¤pocket¥ and merging with its substance (¤interpocket¥ merge). This process can occur many times, herewith size of the particle increases signi¦cantly (Fig. 3) . Unlike the ¤pocket¥ agglomeration mechanism the residence time of particle staying in the II equilibrium state is comparable with the time needed for burn out of ¤pockets.¥ Moreover, agglomerates forming on the ¤interpocket¥ mechanism can have ¤matrix¥ structure [34] .
It was established experimentally that realization of ¤pocket¥ or ¤inter-pocket¥ agglomeration mechanism depends on chamber pressure. Figure 4 Dependence of the size parameters of agglomerates on the chamber pressure P
PROGRESS IN PROPULSION PHYSICS
In the low-pressure domain, the agglomerates are forming by both the ¤pocket¥ and ¤interpocket¥ mechanisms while in the high-pressure domain agglomerates are forming mainly by the ¤pocket¥ mechanism of agglomeration [34] . It results in bimodal density distribution function of agglomerate sizes in lowpressure domain and unimodal density distribution function of agglomerate sizes in high-pressure domain (Fig. 4) . Value of transition pressure P * is nearly 2 4 MPa.
Evolution of Agglomerating Particles
It was established that agglomerating particles located on the outer SL surface in the II equilibrium state undergoing a set of physical and chemical transformations leading to chemical composition, structure, and temperature changes, i. e., particles participate in the evolution process.
Results of visualization provide obtaining of the general representations about properties of agglomerating particles on a surface of burning propellant. They consist in the following (see, for example, Fig. 5 ):
agglomerating particles have higher temperature in comparison with an environment, i. e., they are burning; particles consist of drops of metal and its oxide. Connection of particles with a surface of burning propellant is carried out by means of oxide; and out §ow of gaseous products from a surface of metal free of oxide and periodic change of the size of particles are possible.
The results of chemical analysis of condensed combustion products have allowed to draw a conclusion that reduction of parameter Z a m and increasing of parameter η are connected with combustion agglomerating metal in gas-phase mode with formation of smoke oxide particles. Figure 5 Filming of surface layer of burning AP-based [34] (a) and AN-based [37] (b):
SOLID AND HYBRYD PROPULSION
The results of research of burning an acceleration ¦eld have allowed to draw a similar conclusion: agglomerating particles burn down essential in gas-phase mode. The mass of metal of agglomerates in conditions of tensile accelerations grows, reaching some limit- ing value. This is because accelerations a¨ect on duration of evolution process [40] . As a result of the evolution on the surface of burning propellant, the agglomerates of di¨erent types are formed. The agglomerates consist of drops of metal and oxide and can have gas inclusions. The form of drops surfaces (correct, spherical) gives the basis to speak that agglomerates represent the systems, which are being in equilibrium state. By the present time, three basic types of agglomerates are established for considered propellants: ¤matrix,¥ ¤cap oxide,¥ and ¤hollow¥ agglomerates [1, 2, 8] * . The internal structure of each type of agglomerates is schematically illustrated in Fig. 6 .
As a rule, ¤hollow¥ agglomerates are ¦xed incidentally; however, they can become the basic type of agglomerates (AN-based propellants at use of nanoaluminum) [1, 2] . * The agglomerates representing a particle of metal with the oxide layer are ¦xed only for propellants on the base of nanoaluminum when initial particles of metal form the connected structures [37] . This phenomenon results in formation of gaseous products which form gas cavities inside agglomerating particles. Periodic collapses of these cavities lead to oxide removal and reduction of oxide value in agglomerates (reduction of parameter Z ox m ); change of particles structure. Changes in particles structure are connected with changes in fractions of metal and oxide drops, as well as gas bubble. Parameters of the structure are determined, mainly, by surface properties of particles components; and feeding and merging of agglomerating particles. Connection of agglomerating particle with the SL leads to enlargement of particles at the expense of taking up SL ¤substance¥ and merging of adjacent particles. Obviously, the particles enlargement depends on duration of the evolution process.
Duration of the evolution process of the agglomerating particle depends on its residence time on the SL surface in the II equilibrium state, which, in turn, depends on agglomeration mechanism. As mentioned above, for the ¤pocket¥ mechanism this time is signi¦cantly less than the time needed for burnout of the ¤pocket,¥ while for the ¤interpocket¥ mechanism, it is comparable with the time needed for burnout of ¤pockets.¥
Breakaway of Agglomerating Particles
Possibility of the breakaway of agglomerating particles is connected with capability of separation forces to perform a work on separating the particle from the SL elements. In other words, the breakaway of the particle is connected with its impossibility to maintain the equilibrium state in speci¦c conditions (at action of aerodynamic and mass forces). It is considered that the following causes lead to the breakaway of agglomerating particles [24] : dynamism of the burning process. The breakaway takes place in the case if the speed of the moving oxidizer particle is greater in comparison with the speed of spreading of agglomerating particle substance, external forces are able to perform work on separating the particle from the SL. This situation takes place at the ¤pocket¥ mechanism implementation; and insu©cient contact area. In the case of large particles, reduction of contact area leads to impossibility maintaining the equilibrium state of particle. This situation is typical for the ¤interpocket¥ mechanism.
MODELING OF THE AGGLOMERATION PROCESS
Creation of the mathematical description of simultaneously proceeding interconnected processes represents rather toilful problem. In this case, the approach based on decomposition of complex process of evolution on the separate simple phenomena, their modeling, and synthesis of the obtained decisions is justi¦ed. Thus, the results of the analysis of one individual model are the entrance data for another model. Such approach is more simple from the point of view of the mathematical description and favorable in practical application. Further earlier created and again developed models are considered.
Model of Composite Solid Propellant Structure
The model of composite solid propellant structure [41] ensures determination of the size distribution functions of ¤pockets¥ and of oxidizer particles forming each ¤pocket¥ size. Moreover, the model allows determining the fraction of the ¤pockets¥ in propellant. Thus, it is possible to determine the fraction of initial metal in propellant used to form agglomerates.
Main assumptions of the model are:
¤pocket¥ is formed by comparable oxidizer particles; and spatial distribution of oxidizer particles determined by random process. 
Model of Formation of Agglomerates Size
The model of formation of agglomerates size [24] allows to determine the size distribution function of agglomerates. The model includes modeling of particles breaking away from SL which, in turn, ensures determination of agglomeration mechanism depending on propellant composition and chamber pressure. 
Model of Agglomerating Particle Evolution
The model of single agglomerating particle evolution provides predicting changes in properties of particle during its residence on the SL. This model is developed for the ¦rst time.
In turn, the evolution model is a combination of the following particular models.
SOLID AND HYBRYD PROPULSION

Model of structure of agglomerating particles
Generally, agglomerating particle consists of drops of metal, oxide, and gas cavities. The form and a relative positioning of these objects are determined from the following conditions: mechanical balance on interfaces of phases; and accommodations of the set quantities of substance in volumes, which are limited by spherical surfaces.
As can be concluded from anal- Figure 8 Section of agglomerate consisting of drops Al and Al2O3 and having a gaseous cavity; γ1 and γ2 ¡ wetting angles; R ¡ radius of metal droplet surface ysis of equilibrium position model of the drop [24] , the in §uence of aerodynamic and mass forces and also jointing with SL can be neglected.
The speci¦ed conditions are described by system of the transcendental algebraic equations. These equations also make the model of structure. The entrance data of the model are values of a super¦cial tension on interfaces of phases as functions of temperature, quantities of substances of agglomerate and its type. The super¦cial properties can be determined according to [5] .
The section of typical agglomerate is shown in Fig. 8 .
For the agglomerate presented in Fig. 8 , is possible to write the system of three equations:
Here, V m , V ox and V g are the volumes (m 3 ) of metal, oxide droplets, and gaseous cavity, respectively; f m , f ox , and f g are the functions of geometric parameters; α and β are the angles; and R is the radius of metal droplet surface (m).
Equations (1) can be extended to any number of droplets and cavities. Generally, the developed model allows to describe the structure of all kinds of agglomerates known to the present time.
Model of gas-phase combustion of metal
The model is based on ideology of work [5] . The main assumptions of the model are:
approximation of a ¤reduced ¦lm¥ is used; all reactions take place in equilibrium mode; burning process is controlled by di¨usion; burning process is quasi-stationary, isobaric, and axisymmetric; and oxidizing components from the environment are H 2 O, O 2 , and CO 2 , and its relative content is determined by the model of environmental conditions.
The model is the system of the equations describing transfer of substance and energy within the limits of burning area. The equation of mass transfer for the ith component has the following form:
Here, J i is the molar §ux (mol/s) of the ith component through area Ÿ (m 2 ); λ T is the thermal conductivity (W/(m·K)); C p is the molar isobaric heat capacity (J/(mol·K)); P i = P i /P where P i is the partial pressure of the ith component (Pa) and P is the chamber pressure (Pa); N is the number of components transported through area Ÿ including the ith component; and r is the axial coordinate. Integration of Eq. (2) gives 6 equations describing di¨usion of oxidizer, metal vapor, and dissociated oxide.
Energy transport is described by equations of energy balance having the form:
Here, index ¤+¥ means ¤in §ow,¥ index ¤−¥ means ¤out §ow;¥ H i is the molar enthalpy of the ith component (J/mol); Q s is the heat §ux (W) consumed by interaction between Al and Al 2 O 3 ; Q cond is the conductive heat §ux (W); and Q rad is the radiant heat §ux (W). Integration of Eq. (3) gives 4 equations of energy balance within burning area. Solving the system of 6 equations of mass transfer and 4 equations of heat transfer provides determination of metal burning rate J m (mol/s) and temperature of metal particle T A (K).
SOLID AND HYBRYD PROPULSION
The entrance data of model are the size of metal particle, a fraction of its surface free from oxide (these parameters are provided by the model of structure), and parameters of a stream §owing around a particle: oxidizing potential, temperature, and mass speed which are provided by the model of environmental conditions.
Model of chemical interaction of condensed Al and Al 2 O 3
It is shown in [5] that in the certain conditions, the interaction of condensed Al and Al 2 O 3 with formation of gaseous products (basically, Al and Al 2 O) is possible:
Coe©cients x 1 and x 2 depend on chamber pressure P . Superscripts c means ¤condensed¥ and g ¡ ¤gaseous.¥ It is remarkable that the equilibrium temperature of reaction is much lower than the temperature of boiling metal and oxide. The consequences of realization of the speci¦ed process depend on a competition of speeds of formation of gaseous products and their condensation. It is assumed that reaction takes place at equilibrium mode.
Evaporation rate of condensed Al 2 O 3 ω 1 (mol/(s·m 2 )) is described by the following expression:
Here, A 1 is the coe©cient depending on mixture properties; E a is the activation energy; R 0 = 8.314 J/(mol·K) is the universal gas constant; and P s is the pressure of saturated vapor of the reaction products (Pa). Pressure P s is determined by ClausiusClapeyron relation:
Here, P * = 100 kPa is the standard pressure; L s is the evaporation heat of 1 mole of mixture (J/mole); and T * s is the evaporation temperature (K) of mixture at standard conditions.
The rate of formation of condensed Al 2 O 3 ω 2 (mol/(s·m 2 )) is described by the expression:
Evaporation takes place at area Ÿ 1 located on interphase boundary of the condensed Al 2 O 3 and Al. Condensation of gaseous products takes place at area Ÿ 2 on a part of surface of the bubble.
From the model of structure of agglomerating particle, it can be concluded that the bubble is located mostly inside the oxide drop. If the bubble exceeds the limits of oxide drop, it is collapsing and gaseous products are removed outside. The results of paper [5] have been used for de¦nition of parameters A 1 and E a which are necessary for the numerical analysis of model.
The model allows to determine the resulting speed of gas formation and the rate of removal of oxide and metal. The entrance data of model are the data of internal structure and temperature of agglomerating particle.
Model of particles feeding and merging
It is considered that the process of particles merge is a ¤fast¥ process. The merge is carried out within the limits of the ¤pocket¥ at realization of the ¤pocket¥ mechanism. ¤Interpocket¥ merge takes place at realization of other mechanism ¡ ¤interpocket.¥ Agglomerating particles staying in the II equilibrium state at the surface of burning propellant are fed by liquid metal and oxide in composition of the SL. Its rate depends mainly on decomposition rate of the ¤pocket¥ substance. Both processes of merging and feeding can be described by the following scheme. It is considered that liquid aluminum formed in unit of time during decomposition of ¤pocket¥ became a part of the SL. Some part of metal burns in heterogeneous mode inside the SL and forms liquid oxide. As soon as decomposition of the upper part of SL occurs, the condensed substances Al and Al 2 O 3 feed the agglomerating particle. Herewith, it is assumed that the rate of decomposition of ¤pocket¥ substance and the rate of decomposition of the upper part of the SL have the same value. So, the ratio between condensed Al and Al 2 O 3 η SL in the SL is constant in time. The mass §ux of substance feeding the agglomerating particle j s (kg/s) is described by the expression:
.
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Here, u dec is the rate of ¤pocket¥ decomposition (m/s); Ÿ pSL is the area of contact of a particle in the II equilibrium state with SL (m 2 ); k m and k bin are the mass fractions of metal and binder in propellant composition, respectively; ρ m = 2700 kg/m 3 is the density of aluminum; ρ bin is the density of binder (kg/m 3 ); µ Al = 0.027 kg/mol is the molar mass of Al; and µ O = 0.016 kg/mol is the molar mass of atomic oxygen.
Ratio between metal and oxide in the SL η SL is determined using the experimental data for combustion of various propellants in acceleration ¦eld. If tensile accelerations exceed some limiting value, then duration of evolution is negligible, and chemical composition of agglomerates corresponds to the ratio between metal and oxide in the SL. It is shown that in the absence of accelerations, up to 25 %(mass) of metal in agglomerating particles burn in gas-phase mode at their evolution [40] . Thus, it was assumed that at zero accelerations, evolution duration at realization of the ¤pocket¥ mechanism is determined by the time needed for burnout of 25 %(mass) of metal.
Model of smoke oxide particles deposition
Presence of SOPs in the gaseous §ow leads to theoretical capability of their deposition on the surface of agglomerating particle. This phenomenon could result in increasing of oxide mass in the particle.
Based on mathematical description in [5] , the model of SOPs deposition was implemented. The analysis of the model allowed to make conclusion that minor part of the SOPs in the §ow is depositing on the surface of agglomerating particle. Increasing of oxide fraction in the agglomerating particle is insigni¦cant. The analysis was made in wide range of agglomerating particle and SOPs sizes. Thus, the phenomenon of SOPs deposition can be neglected at the evolution modeling.
Combination of listed above models except the SOPs deposition model represents the model of agglomerating particle evolution on the surface of burning propellant. Interdependence between particular models is shown in Fig. 9 . The model of the evolution provides determination of chemical composition, internal structure, and temperature of agglomerating particle. Input parameters are: initial parameters of agglomerating particle, environmental parameters, and duration of evolution. Initial size of the particle is provided by the model of formation of agglomerates size. Initial chemical composition corresponds to composition of SL. Evolution time duration is determined by the residence time of agglomerating particle staying in the II equilibrium state.
Model of Environmental Conditions
Environmental conditions a¨ect on the processes taking place at evolution of agglomerating particle. Gas-phase burning rate of metal depends signi¦cantly on properties of gaseous §ow around the particle. Most important of them are oxidizing potential, temperature, and mass velocity.
Spatial area situated close to burning propellant surface is characterized by high level of nonequilibrium processes. Schematization and simpli¦cation are needed. The conditions around the agglomerating particle di¨er signi¦cantly at ¤pocket¥ and ¤interpocket¥ mechanisms of agglomeration.
¤Pocket¥ mechanism. At burnout of the ¤pocket,¥ new oxidizer particles appear which are produced of oxidizing components. Thus, the agglomerating particle is staying mainly in the §ow of oxidizer decomposition products.
¤Interpocket¥ mechanism. The agglomerating particle is staying in the II equilibrium state during the time of ¤pocket¥ burning. Herewith, it is situated mainly in the §ow of binder decomposition products.
Oxidizer and binder decomposition products interact and form the di¨usive §ame at some distance from the surface of burning propellant. Local composition and properties of interaction products are determined by composition and structure of considered local propellant area ¡ of the ¤pocket¥ and surrounding ¤interpocket bridges¥ and oxidizer particles. For example, formation of local combustion products using the AP oxidizer can be written by the following reaction:
Indexes w, x, y, and z depend on binder type. Coe©cients A and B depend on composition of the considered local propellant area. Superscript c means ¤condensed.¥ Partial pressures (or molar composition) of reaction products and their temperature are determined by thermodynamic evaluations. The oxidizing potential is formed by partial pressures of oxidizers O 2 , H 2 O, and CO 2 . Parameters of heat and mass transfer such as di¨usivity D, thermal conductivity λ T , and dynamic viscosity µ are determined by the methods described in [42] .
5. Varying D i and repeating the modeling on steps 3 and 4, this scheme can be expanded to the full range of agglomerate sizes.
The algorithm described above is presented in Fig. 10 . Thus, the developed model provides de¦nition of the following characteristics of agglomerates: the function of size distribution of agglomerates (it is supposed that evolution process does not essentially in §uence the size of agglomerates); the fraction of initial metal in the propellant used to form agglomerates (parameter Z a m ). The fraction of ¤pockets¥ in propellant is determined primarily. This value allows to ¦nd quantity of the metal fuel participating in agglomeration. Then the fraction of this metal, which is burning down in gas-phase mode, is considered; and the parameters of chemical composition and structure of agglomerates of the various sizes. The results of the numerical analysis of formation of size agglomerates model correspond to the experimentally ¦xed features: agglomerates are formed mainly by the ¤pocket¥ mechanism in the high-pressure domain and by both the ¤pocket¥ and ¤interpocket¥ mechanisms in the low-pressure domain. As a consequence, there is the unimodal character of the density distribution function of agglomerate sizes in the high-pressure domain (Fig. 11a) and the bimodal character of this function in the low-pressure domain (Fig. 11b) * . Determination of the agglomerates chemical composition (Fig. 12a ) results in the following: the discrepancy between the calculated and experimentally obtained data can be explained by the following: at low pressures, the changes in the propellant burning rate lead to changes in the SL structure (size and amount of pores), which, in turn, in §uence the parameters of the heterogeneous mode of metal burning. Thus, for adequate modeling of agglomerates chemical composition in low-pressure domain, it is necessary to develop the mathematical model of the heterogeneous combustion of metal inside the SL; and in the high-pressure domain, the agglomerates chemical composition almost does not depend on the chamber pressure. It is connected with constancy of the SL chemical composition and signi¦cantly shorter duration of the evolution process at the ¤pocket¥ mechanism domination. Composition of SL also does not depend on pressure. Modeling of the evolution process allowed to draw the following:
it is shown that formation of ¤hollow¥ agglomerate is the consequence of change of structure agglomerating particle at the last stages of this process; it is shown that periodic change of the size agglomerating particles is the consequence of realization of the mechanism of carrying out of gaseous products at interaction of condensed Al and Al 2 O 3 ; and it is shown that combustion of metal in gas-phase mode is the factor, which in §uences essentially the properties of condensed combustion products at the surface of the burning propellant.
The model of the evolution of agglomerating particles allows also determining the temperature of particles (Fig. 12b) . According to this model, the particles temperature corresponds to the temperature of equilibrium evaporation of metal at gas-phase burning.
The results of the modeling of the agglomerates structure and their comparison with experimental data allowed to make the conclusion of adequacy of the mathematical model (Fig. 13) . The model allows to describe the structure of all the agglomerates types including ¤matrix¥ and ¤hollow¥ agglomerates.
CONCLUDING REMARKS
The basic results of the present work can be de¦ned as follows: the physical picture of the agglomerating process is developed for propellants based on AP, ADN, HMX, inactive binder, and nanoaluminum; SOLID AND HYBRYD PROPULSION Figure 13 Results of modeling of agglomerate structure (a) and comparison with experimental data (b) the model of evolution of agglomerating particles on surface of burning propellant is developed; the analysis and synthesis of mathematical models is carried out that provides prediction of the agglomeration process parameters; it is shown that presence of the evolution process of agglomerating particles in §uence essentially the properties of the condensed combustion products; and the conclusion on the need for the model of metal combustion in heterogeneous mode inside SL is made.
